Background/Objective-To determine whether inflammation increases in retina as it does in brain following middle cerebral artery occlusion (MCAO), and whether the neurosteroid progesterone, shown to have protective effects in both retina and brain after MCAO, reduces inflammation in retina as well as brain.
Introduction
Ocular ischemia can occur as an isolated event or in conjunction with cerebral or systemic disease (Benavente et al., 2001; Hayreh, 1981; Mead et al., 2002; Rumelt et al., 1999) . Amaurosis fugax, the transient vision loss that occurs in one or both eyes due to temporary retinal ischemia, is often a first symptom in cerebral stroke (Benavente et al., 2001; Mead et al., 2002; Slepyan et al., 1975) , and 57% of strokes are accompanied by visual field defects (Falke et al., 1991) . Transient vision loss can also be a sign of impending stroke or arthrosclerosis of the carotid or ophthalmic arteries (Slepyan et al., 1975) . When patients with transient retinal ischemia were examined with neurological imaging, 1 in 4 were found to have an acute brain infarct (Helenius et al., 2012) . There is also a substantial degree of overlap between mechanisms involved in cerebral stroke and ocular stroke .
Inflammatory responses occur after ischemic injury in both the retina (Dvoriantchikova et al., 2009; Hangai et al., 1996; Hua et al., 2009; Ishizuka et al., 2013; Jiang et al., 2012; Schallner et al., 2012; Wang et al., 2006) and the brain (Berti et al., 2002; Gibson et al., 2005; Hill et al., 1999; Ishrat et al., 2010; Schneider et al., 1999; Stephenson et al., 2000; Tu et al., 2010) , with the NF-κB pathway playing a key role (Gibson et al., 2005; Ishrat et al., 2010; Tu et al., 2010) . Increases in systemic inflammation after cerebral ischemia have been observed as well (Yousuf et al., 2013) . Increases in NF-κB pathway activation (Hua et al., 2009; Schneider et al., 1999; Stephenson et al., 2000) and increases in levels of inflammatory cytokines (Berti et al., 2002; Hill et al., 1999) are known to occur in the brain after transient MCAO, a model that causes ischemia in both the brain and the retina Block et al., 1997; Steele et al., 2008) . A gap in our knowledge is whether these increases in inflammation occur in the retina after MCAO and how they compare with the brain.
The neurosteroid progesterone has beneficial effects in a number of animal models, including traumatic brain injury, stroke, and spinal cord injury (Cutler et al., 2007; Schumacher et al., 2007; Stein & Wright, 2010) . In these injuries, progesterone treatment has been shown to reduce inflammation, swelling, and neuronal death, and to improve behavioral and functional recovery (Cutler et al., 2007; De Nicola et al., 2013; Ishrat et al., 2010; Ishrat et al., 2009; Schumacher et al., 2007; Yousuf et al., 2013) . Specific effects of progesterone on inflammation include reducing TNF-α production by microglia (Drew & Chavis, 2000) and macrophages (Miller & Hunt, 1998) , attenuating NF-κB pathway activation after traumatic brain injury (Cutler et al., 2007) , and attenuating systemic increases in TNF-α and IL-6 after post-stroke infection (Yousuf et al., 2013) . Additionally, progesterone suppresses injury-induced increases in levels of inflammatory markers, including IL-1β, TNF-α, IL-6, and COX-2 after traumatic brain injury (Cutler et al., 2007) , TNF-α and IL-6 after cerebral ischemia (Ishrat et al., 2010) , and TNF-α, iNOS, and CD11b in experimental autoimmune encephalomyelitis (De Nicola et al., 2013) .
Thus far, studies on progesterone treatment in the retina (Doonan et al., 2011; Neumann et al., 2010; Sanchez-Vallejo et al., 2015) , and more specifically in retinal ischemia (Allen et al., 2015; Lu et al., 2008) , are few, but progesterone's successes in other models combined with findings of progesterone (Lanthier & Patwardhan, 1986 , 1987 , progesterone synthesis (Cascio et al., 2007; Coca-Prados et al., 2003; Guarneri et al., 1994; Lanthier & Patwardhan, 1988; Sakamoto et al., 2001) , and progesterone receptor (PR) in the eye (Koulen et al., 2008; Li et al., 1997; Swiatek-De Lange et al., 2007; Wickham et al., 2000; Wyse Jackson et al., 2015) make it an attractive candidate for neuroprotective treatment in the retina. Progesterone has also been shown to provide protection in both brain and retina after transient MCAO, however, these protective effects were smaller in the retina than the brain (Allen et al., 2015) . Thus, the mechanisms by which progesterone provides protection (including reduction of inflammation) in brain and retina should be further studied to determine why progesterone's protective effect in brain is greater. Here, we compared the inflammatory response in retina and brain following transient MCAO in rats, and tested progesterone's effects on this evoked inflammation.
Materials and methods

Animals
Adult male Sprague-Dawley rats (n = 31) from Charles River Laboratories were used in this study. At the time of MCAO surgery, rats were approximately 60 days of age (290-330 grams). Littermates that received sham surgeries (incisions in the scalp and neck) and vehicle injections were used as controls. All animal procedures were approved by the Institutional Animal Care and Use Committee (Emory University protocol #20001517) and performed in accordance with NIH guidelines and the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research. Rats were housed under a 12 : 12 reverse light:dark cycle with water and food ad libitum and handled daily for at least 5 days prior to surgery. Two rats died during surgery, and one was excluded due to an incomplete reperfusion.
MCAO surgery
MCAO surgery was performed as described previously with minor modifications (Longa et al., 1989) . Briefly, inhalation of 5% isoflurane (in a N 2 /O 2 70%/30% mixture) was used to anesthetize the animals with an inhalation of 2% isoflurane to maintain sedation. Blood oxygen saturation (SpO 2 ) was analyzed and sustained at 90% using a pulse oximeter (SurgiVet, model V3304; Waukesha, WI, USA). Body temperature was maintained between 36.5°C and 37.5°C. Laser-Doppler flowmetry (LDF) was used to monitor cerebral blood flow, as it has been shown previously to be practical and reliable in detecting changes in cerebral blood flow during focal cerebral ischemia (Dirnagl et al., 1989) . To reduce variability and ensure relative uniformity of the ischemic insult, animals with mean ischemic cerebral blood flow greater than 40% of baseline LDF were excluded. An LDF probe (Moor Instruments, Wilmington, Delaware, USA)was inserted over the ipsilateral parietal cortex to monitor blood flow from 5 minutes prior to occlusion to 5 minutes after reperfusion.
At the ventral surface of the neck, a midline incision was made and the right common carotid arteries were separated and ligated using a 6.0 silk suture. Next, the internal carotid and pterygopalatine arteries were occluded using a microvascular clip to allow insertion of a 4-0 silicon-coated monofilament (0.35-0.40 mm long) (Doccol Co., Albuquerque, NM, USA) through an incision in the external carotid artery. The filament was slid into the internal carotid artery and gently pushed an estimated 20 mm distal to the carotid bifurcation, where it blocked the openings to both the middle cerebral and ophthalmic arteries. The filament was removed after 120 minutes, at which time reperfusion occurred. Then the wound was sutured, and rats were transferred to a heating blanket until they recovered from anesthesia.
Progesterone preparation and dosing
Progesterone was made in stock solutions using 2-hydroxypropyl-β-cyclodextrin (HBC; 25% w/v solution in H 2 O; a non-toxic aqueous solution that dissolves progesterone) as the solvent. An 8 mg/kg progesterone dose was used as this has been shown to be most protective after stroke . Progesterone and vehicle treatments were administered intraperitoneally at 1 h post injury, and then subcutaneously at 6 h post for the 24-h group and 6 and 24 h for the 48-h group. In all experiments, the rats' group identity was coded with regard to surgery and treatment to prevent experimenter bias.
Biochemical evaluation
Rats were euthanized by overdose of Pentobarbital and their eyes enucleated. Retinas and the penumbral portion of the brain were dissected out for use in western blots. Isolated tissue was frozen immediately on dry ice. The NE-PER kit (Thermo Scientific; Waltham, MA, USA) was used to homogenize the tissue and separate it into nuclear and cytosolic fractions. Western immunoblotting was used to assess brain and retina protein levels of pNF-κB, nuclear and cytosolic NF-κB, IL-6, TNF-α, CD11b, PR-A, PR-B, and PXR (see Table 1 for details on antibodies). Protein samples were run on 4-20%Tris-Glycine Criterion Pre-cast TGX gels at 90 V for approximately 2 h (Bio-Rad; Hercules, CA, USA). Proteins were then transferred to a nitrocellulose membrane at 30 V overnight and incubated for 1 h at room temperature in a 5% BSA/TBS-Tween blocking solution. Blots were then incubated in primary antibody for two nights at 4°C. Blots were rinsed with TBS-Tween prior to incubation with the appropriate secondary antibody for 1 h at room temperature. Blots were rinsed with TBS-Tween again before a 1-minute incubation in a chemiluminescent solution. Bands were detected using films, scanned, and analyzed using densitometry. Blots were stripped and β-Actin and Histone H3 were used as loading controls for cytosolic blots and nuclear blots, respectively (note: all blots are from cytosolic fraction unless specified as nuclear). Twenty-four-hour data was normalized to 24-h shams, and 48-h data was normalized to 48-h shams. The 24-and 48-h sham groups were pooled because there were no significant differences between these groups.
Statistical analysis
Results are expressed as mean ± standard deviation (SD). Differences between groups were analyzed using multiple unpaired, two tailed t-tests (four per marker) with the alpha level corrected for with false discovery rate (p < 0.031) (Storey, 2003) , thus requiring us to employ a more stringent alpha cut off than the commonly used 0.05. Mann-Whitney Rank Sum tests were used for groups that failed the normality test.
Results
NF-κB pathway activation increased in both brain and retina following MCAO and progesterone attenuated this increase
Levels of phosphorylated NF-κB (pathway active) showed significant increases in brains (57%, Mann-Whitney Rank Sum test, T = 54.00, p < 0.01) and retinas (43%, unpaired t-test, t = −2.834, p < 0.03) from vehicle-treated MCAO rats (n = 5) over shams (n = 8) at 24 h post-injury ( Fig. 1A, 1B ). Levels of phosphorylated NF-κB were significantly lower in brains from progesterone-vs. vehicle-treated MCAO rats (n = 5/group) at 24 h post-MCAO (−79%, unpaired t-test, t = 5.601, p < 0.001) ( Fig. 1A) , with retinas showing a trend for lower levels (−19%, Fig. 1B ). Levels of nuclear NF-κB (pathway active) showed significant increases in brains (65%, unpaired t-test, t = −3.667, p < 0.01) at 24 h post-MCAO ( Fig. 1C ) and retinas (9%, unpaired t-test, t = −2.534, p < 0.03) at 48 h post-MCAO in vehicle-treated MCAO rats (n = 5) over shams (n = 8) ( Fig. 1D ). For progesterone-vs. vehicle-treated MCAO rats (n = 5/group), levels of nuclear NF-κB were significantly lower in brains at 24 h (−31%, unpaired t-test, t = 2.615, p < 0.03) ( Fig. 1C ) and retinas at 48 h (−13%, unpaired ttest, t = 3.774, p < 0.01) ( Fig. 1D ). Levels of cytosolic NF-κB (pathway suppressed) showed a trend for a decrease (22%) in brains from vehicle-treated MCAO rats (n = 5) over shams (n = 8) at 48 h post injury ( Fig. 1E) , with retinas showing a significant decrease at 48 hours (22%, unpaired t-test, t = 8.415, p < 0.001) ( Fig. 1F ). For progesterone-vs. vehicle-treated MCAO rats (n = 5/group), brains showed significantly higher levels of cytosolic NF-κB at 24 h post-injury (+8%, unpaired t-test, t = −3.681, p < 0.01) and a trend for higher levels at 48 h post injury (+21%, Fig. 1E ), with retinas showing significantly higher levels at 48 h (+12%, unpaired t-test, t = −3.041, p < 0.03) ( Fig. 1F ).
IL-6, TNF-α, and CD11b increased in both brain and retina following MCAO and progesterone attenuated these increases
Levels of IL-6 showed a trend for increases in brains (24% at 24 h; 48% at 48 h) ( Fig. 2A ) and retinas (44% at 24 h; 79% at 48 h) ( Fig. 2B ) from vehicle-treated MCAO rats (n = 5) over shams (n = 8). For progesterone-vs. vehicle-treated MCAO rats (n = 5/group), levels of IL-6 were significantly lower in brains at both 24 (−26%, unpaired t-test, t = 4.424, p < 0.01) and 48 h (−62%, unpaired t-test, t = 4.070, p < 0.01) ( Fig. 2A ) post-injury and in retinas at 24 h (−46%, unpaired t-test, t = 3.350, p < 0.01), with 48-h retinas from progesterone-treated rats showing a trend for lower IL-6 levels (−61%) ( Fig. 2B ). Levels of TNF-α showed significant increases in brains at 24 h (60%, unpaired t-test, t = −3.330, p < 0.01) with a trend for an increase at 48 h (40%) for vehicle-treated MCAO rats (n = 5) over shams (n = 8) (Fig. 2C ). Retina levels of TNF-α showed a trend for an increase for vehicle-treated MCAO rats (n = 5) over shams (n = 8) at 24 h (16%) (Fig. 2D ). Levels of TNF-α were significantly lower in brains from progesterone-vs. vehicle-treated MCAO rats (n = 5/group) at 24 hours post-MCAO (−60%, unpaired t-test, t = 3.918, p < 0.01) ( Fig. 2C) , with retinas showing a trend for lower levels at 24 hours (−17%) ( Fig. 2D ). Levels of CD11b showed significant increases in brains (103%, unpaired t-test, t = −3.903, p < 0.01) ( Fig. 2E ) and retinas (89%, unpaired t-test, t = −4.690, p < 0.001) ( Fig. 2F ) from vehicle-treated MCAO rats (n = 5) over shams (n = 8) at 24 h post injury, with 48-h brains showing a trend for an increase (16%). Levels of CD11b were significantly lower in brains from progesterone-vs. vehicle-treated MCAO rats (n = 5/group) at 24 h post-MCAO (−69%, unpaired t-test, t = 2.738, p < 0.03) ( Fig. 2E) , with retinas showing a trend for lower levels at 24 h (−36%) ( Fig. 2F ).
Progesterone receptor is upregulated in the brain and downregulated in the retina after MCAO
Levels of PR-A showed significant increases in brains from vehicle-treated MCAO rats (n = 5) vs. shams (n = 8) at both 24 (81%, unpaired t-test, t = −4.439, p < 0.001) and 48 h (63%, unpaired t-test, t = −3.061, p < 0.03) post-MCAO (Fig. 3A) . In contrast, levels of PR-A showed a trend for decreases in retinas from vehicle-treated MCAO rats (n = 5) vs. shams (n = 8) at 24 (30%) and 48 (37%) h post injury ( Fig. 3B ). Progesterone-treated MCAO rats (n = 5) showed significantly lower levels of PR-A in the brain compared with vehicle-treated MCAO rats (n = 5) at both 24 (−22%, unpaired t-test, t = 2.711, p < 0.03) and 48 (−85%, unpaired t-test, t = 3.149, p < 0.03) h post-injury (Fig. 3A) . However, progesterone treatment did not change the PR-A reduction observed in retinas in either direction (Fig. 3B ). Levels of PR-B showed a trend for increases in brains from vehicle-treated MCAO rats (n = 5) over shams (n = 8) at 24 (38%) and 48 (56%) h post-injury, with brains from progesterone-vs. vehicle-treated animals (n = 5/group) showing a trend for lower levels at 24 h (−14%) and significantly lower levels at 48 h post injury (−85%, unpaired t-test, t = 3.369, p < 0.01) (Fig.   3C ). In contrast, levels of PR-B showed significant decreases in retinas from vehicle-treated MCAO rats (n = 5) vs. shams (n = 8) at 24 h post injury (52%, unpaired t-test, t = 4.132, p < 0.01), and progesterone treatment did not change this reduction (Fig. 3D ).
PXR was upregulated in brain but downregulated in retina after MCAO
At 24 h post-MCAO, levels of PXR showed a significant increase in brains from vehicletreated MCAO rats (n = 5) over shams (n = 8, 75%, Mann-Whitney Rank Sum test, T = 55.000, p < 0.01) ( Fig. 4A ) and a significant decrease in retinas (13%, unpaired t-test, t = 2.508, p < 0.03) (Fig. 4B ). Progesterone treated rats (n = 5) showed significantly lower levels of PXR in brain (−56%, unpaired t-test, t = 3.110, p < 0.03) ( Fig. 4A ) and significantly higher levels of PXR in retinas (+33%, unpaired t-test, t = −5.129, p < 0.001) ( Fig. 4B) at 24 h compared with vehicle-treated rats (n = 5).
Discussion
NF-κB pathway activation after retinal ischemia
Previous evidence of NF-κB pathway activation after retinal ischemia includes increases in protein levels of phosphorylated NF-κB (Ishizuka et al., 2013; Schallner et al., 2012) , increases in NF-κB DNA binding activity (Schallner et al., 2012) , increases in mRNA levels of NF-κB (Jiang et al., 2012; Wang et al., 2006) , increases in protein levels of NF-κB in the nucleus (Jiang et al., 2012) , and increases in numbers of NF-κB positive cells in the retina (Wang et al., 2006) . Additionally, selective inactivation of the NF-κB pathway in astrocytes was shown to be protective in retinal ischemia (Dvoriantchikova et al., 2009) . Following retinal ischemia, increased mRNA levels of TNF-α and IL-6 were observed (Hangai et al., 1996; Wang et al., 2006) , as well as increases in IL-6 positive cells (Wang et al., 2006) . NF-κB inhibition resulted in significantly reduced expression of pro-inflammatory genes like TNF-α, and completely suppressed the upregulation of IL-6 that follows retinal ischemia (Dvoriantchikova et al., 2009) . While some suggest that complete inhibition of NF-κB could exacerbate retinal injury (Jiang et al., 2012; Wang et al., 2006) , Dvoriantchikova and colleagues (2009) concluded that it is chronic NF-κB activation in astrocytes and microglia, rather than NF-κB activation in general, that is problematic following retinal ischemia.
Similarly, in the transient MCAO model we found increases in NF-κB pathway activation and increases in levels of inflammatory markers in the retina. Increases in inflammation in the brain have previously been shown to occur after cerebral ischemia (Berti et al., 2002; Gibson et al., 2005; Hill et al., 1999; Hua et al., 2009; Ishrat et al., 2010; Schneider et al., 1999; Stephenson et al., 2000; Tu et al., 2010) , and our results confirm those findings. Our previous work has shown that, functionally, the retina is less susceptible than the brain to ischemia induced by the transient MCAO model , and our results here show smaller increases in inflammation in retina vs. brain (Table 2) . Previously, we showed that the retina was less susceptible to the ischemic damage caused by MCAO than the brain, with greater cell death and more lasting functional deficits occurring in the brain . Steele et al. (2008) showed that during MCAO almost no retinal perfusion occurs, so this difference in susceptibility is likely not due to a difference in levels of occlusion. The retina has been shown to have a greater tolerance time for ischemic injury in general (8-97 minutes, depending on model and species (Hayreh & Weingeist, 1980; Stowell et al., 2010) ) than the brain (3-7 minutes, depending on model and species (Brock, 1956; Kabat H, 1941; Meyer, 1956; Weinberger L, 1940) ), and this is likely due to relative ease of reperfusion in the retina as well as nutrient stores in the retina and vitreous (Hayreh & Weingeist, 1980) .
Greater protection with progesterone was observed in brain vs. retina
Progesterone has been shown to provide protection in a number of animal models (Cutler et al., 2007; De Nicola et al., 2013; Gonzalez Deniselle et al., 2005; Guennoun et al., 2008; Hua et al., 2009; Yousuf et al., 2013) . Despite the very large literature supporting the beneficial effects of progesterone in pre-clinical research, and in Phase II clinical trials for traumatic brain injury (Wright et al., 2007; Xiao et al., 2008) , two almost identical Phase III trials testing the hormone as a treatment for moderate to severe traumatic brain injury did not show efficacy (Skolnick et al., 2014; Wright et al., 2014) . Unfortunately, both trials suffered from a number of major methodological problems, including suboptimal dosing parameters (Howard et al., 2015) and the use of outcome measures that may have been too blunt to reveal benefit across a very wide spectrum of TBI conditions (Stein, 2015) .
Progesterone has been observed to reduce glial activation and cytokine production both in vitro and in vivo (De Nicola et al., 2013; Drew & Chavis, 2000; Miller & Hunt, 1998) and to reduce NF-κB pathway activation after traumatic brain injury (Cutler et al., 2007) . In models of cerebral ischemia, progesterone has been shown to reduce inflammation both in the brain and systemically, to decrease infarct size, and to improve functional recovery (Hua et al., 2009; Ishrat et al., 2010; Yousuf et al., 2013) . Our results confirm previous findings of progesterone protection in cerebral ischemia, showing that progesterone attenuated ischemia-induced increases in NF-κB pathway activation and inflammatory markers in the brain. Additionally, we show here that progesterone reduces inflammation in the retina following transient MCAO. Interestingly, more dramatic protection with progesterone treatment following MCAO was observed in brain vs. retina. We observed greater reductions in NF-κB pathway markers and inflammatory cytokines with progesterone treatment in brain vs. retina (Table 3 ). In a previous study, we demonstrated retinal injury after MCAO and progesterone protection against this retinal ischemic injury using a variety of measures, including functional deficits on electroretinogram, retinal ganglion cell death, and increased GFAP and glutamine synthetase levels (Allen et al., 2015; . However, while progesterone treatment significantly improved function on behavioral tests (71-84% recovery), less improvement was observed in retinal function as measured by the electroretinogram (23% recovery) ( Figure 5 ) (Allen et al., 2015) , which mirrors our observation here that progesterone treatment resulted in greater reductions in inflammatory markers in the brain than the retina.
Differences in PR expression in retina and brain may contribute to differences in responsiveness to progesterone treatment
Progesterone and PR have been identified in both brain (Camacho-Arroyo et al., 1994; Guerra-Araiza et al., 2002; Guerra-Araiza et al., 2003; Liu et al., 2012; Meffre et al., 2007) and retina (Koulen et al., 2008; Lanthier & Patwardhan, 1988; Wickham et al., 2000) , and progesterone synthesis occurs in both tissues (Cascio et al., 2007; Cherradi et al., 1995; Coca-Prados et al., 2003; Guarneri et al., 1994; Lanthier & Patwardhan, 1988; Sakamoto et al., 2001; Tsutsui, 2006; Tsutsui et al., 2000) . PR mRNA has been found in retina samples in rats and rabbits (Wickham et al., 2000) . Protein levels of classical PRs (Koulen et al., 2008; Wyse Jackson et al., 2015) , as well as membrane PRs and PR membrane components (Wyse Jackson et al., 2015) , have been shown to be expressed in mouse retina. Here, we show that PR-A and PR-B are expressed at the protein level in rat retina, and that receptor levels are reduced at 24 h post-injury. In brain, however, we observed an increase in PR-A and PR-B after injury. This difference in PR levels may contribute to the greater effects of progesterone observed in the brain versus retina. With progesterone treatment, we see no change in PR expression in the retina but a reduction in PR expression in the brain at 48 h.
Progesterone levels are known to increase in serum after traumatic brain injury in humans (Wagner et al., 2011) , in brain after traumatic brain injury in rats (Meffre et al., 2007) , and in serum and brain after transient MCAO in mice (Liu et al., 2012) . Progesterone levels also increase in response to inflammation and glucose deprivation (Elman & Breier, 1997; Zitzmann et al., 2005) . Relatively little is known about how classical PRs respond after neural injury. Increases in PR-A and PR-B expression were observed in brains in an animal model of intra-uterine growth restriction (Palliser et al., 2012) . However, another study did not show changes in levels of PR mRNA in brain after transient MCAO with or without progesterone treatment (Dang et al., 2011) . These results in the MCAO model conflict with our own, but this may be due to an mRNA vs. protein difference. Decreases in PR expression were observed after spinal cord injury, and these decreases did not change with progesterone treatment (Labombarda et al., 2003) . These findings in spinal cord mirror our findings in retina, possibly suggesting a difference in PR behavior in the brain vs. other neural tissue following injury. However, a recent study in a retinal degeneration model showed stable levels of PR-A and PR-B, but increased levels of PR membrane component 1 (PGRMC 1), with retinal degeneration (Wyse Jackson et al., 2015) , which may suggest that injury model is also important in receptor behavior.
Studies have shown examples of both PR-dependent and PR-independent mechanisms with progesterone treatment in several different injury models. For example, progesterone treatment induced remyelination of demyelinated axons (Ghoumari et al., 2005) and protected against motorneuron loss in injured spinal cord slices (Labombarda et al., 2013) in wildtype mice but not PR knock-out mice, suggesting PR dependence. In the transient MCAO model, PR knock out mice and heterozygotes were shown to have increased susceptibility to ischemic brain injury. In PR knock-out mice, PR mRNA is completely absent, and in PR heterozygotes, PR mRNA levels in the cortex, subcortical regions, and hypothalamus are decreased by approximately 60% (Liu et al., 2012) . The finding that PR heterozygotes show diminished responses to progesterone treatment (Ghoumari et al., 2003; Hussain et al., 2011) suggests that levels of PR, and not simply PR presence, are important in the response to progesterone treatment post-injury. In both the transient MCAO and the spinal cord injury experiments, treatment with allopregnanolone, a metabolite of progesterone, still had a protective effect in PR knock-out mice (Labombarda et al., 2013; Liu et al., 2012) . Allopregnanolone acts independently of the progesterone receptor by binding directly to the GABA A receptor complex and acting as a positive allosteric modulator, increasing Cl − influx and reducing excitability (Reddy et al., 2005) . Perhaps allopregnanolone treatment would prove more effective in the retina. Another option would be to perform a dose response curve to determine the optimal progesterone dose and treatment duration, which may differ for the retina versus the brain. Different progesterone doses have proven more effective in different injury models in the brain: 8 mg/kg progesterone for stroke and 16 mg/kg for traumatic brain injury (Cutler et al., 2007) . Finally, combination therapy with progesterone and Vitamin D, which was shown produce greater reductions in phosphorylation of NF-κB after traumatic brain injury than either agent alone (Tang et al., 2015) , may also provide greater protection against retinal inflammation, especially given that Vitamin D deficient animals show increased inflammation (Cekic et al., 2011) .
A few possibilities could explain the reduction in PR expression in brain following progesterone treatment. 1) Under normal conditions, PR expression is down-regulated by progesterone treatment in estradiol-inducible areas, including the hypothalamus and some limbic structures, but not in the cerebral cortex, cerebellum, spinal cord, or peripheral nerves (Camacho-Arroyo et al., 1994; Guerra-Araiza et al., 2002; Guerra-Araiza et al., 2003; Jung-Testas et al., 1996; Labombarda et al., 2003) . Because the areas damaged in transient MCAO (cerebral cortex and striatum) have been shown not to have PR expression affected by progesterone treatment (cortex) (Camacho-Arroyo et al., 1994; Guerra-Araiza et al., 2002) or have been shown not to be estradiol-inducible areas (striatum) (Parsons et al., 1982) , the reduction in PR is probably not caused by a down-regulating effect of progesterone treatment. 2) Our western blots examined PR expression in the cytosolic fraction, and it is possible that these receptors translocated to the nucleus when activated by progesterone. PRs in areas of the brain involved in reproduction (i.e., hypothalamus) generally respond to progesterone binding by forming dimers and translocating to the nucleus (Schumacher et al., 2013) . However, much of the PRs in other brain areas are expressed in axons, dendrites, and synapses (not near the nucleus) (Waters et al., 2008) and are thought to act in the cytoplasm or at the plasma membrane by activating kinases or interacting with intracellular signaling pathways (Bagowski et al., 2001; Boonyaratanakornkit et al., 2008; Faivre et al., 2008; Faivre & Lange, 2007; Maller, 2001) . 3) Thus, we think it is most likely that PR expression is reduced in progesterone-treated ischemic tissue because progesterone treatment has restored the tissue to a more "normal" condition.
PXR expression in brain vs. retina following transient MCAO
In addition to acting through PRs, progesterone and its metabolites have been shown to bind to and influence the activity of other receptors, including glucocorticoid (Svec et al., 1989; Svec et al., 1980) , acetylcholine (Valera et al., 1992) , GABA A (Puia & Belelli, 2001; Reddy et al., 2005) , Sigma-1 (Maurice et al., 1998) , and pregnane × receptors (Kliewer et al., 1998; Langmade et al., 2006) . PXR activates p-Glycoprotein (P-gp), an efflux pump implicated in the removal of cytotoxic and xenobiotic substances in both the blood-brain and blood-retina barriers (Bauer et al., 2004; Zhang, Lu, et al., 2012) . PXR has previously been identified in brain capillaries (Bauer et al., 2004) and retinal pigmented epithelium Zhang, Lu, et al., 2012) . The literature on PXR expression after injury is not consistent (Chen et al., 2011; Hartz et al., 2010; Souidi et al., 2005) .
Here, we show increased levels of PXR in brain at 24 h post-MCAO, with progesterone treatment resulting in "normal" levels of PXR. Conversely, in retina we observed lower levels of PXR at 24 h post-injury, and PXR levels increased with progesterone treatment.
Although the retina is an extension of the brain, there are differences in gene and protein expression in each tissue. For example, the retina expresses large quanties of rhodopsin (McGinnis et al., 1986) , and the brain and retina express different neuropeptides and Gcoupled protein receptors (Akiyama et al., 2008) . In this case, PXR is differentially expressed, particularly under injury conditions, and possibly the reduced protection in the retina with progesterone is due in part to the reduced PXR expression. Our findings may also be taken to support the hypothesis that the brain, given its much more extensive neuronal networking systems, and its capacity to reorganize, interpret, and synthesize visual perception, may have need for a higher density of PXR receptors and may also have mechanisms in place to increase levels of PXR after injury.
In the acute period after MCAO, a number of changes occur in the blood brain barrier, leading to compromised vascular integrity and increased permeability. Progesterone treatment has been shown to attenuate blood brain barrier disruption in models of permanent and transient MCAO, possibly through effects on VEGF, matrix metalloproteinases, and tight junction proteins (Ishrat et al., 2010; Won et al., 2014) . It is possible that the early increased levels of PXR after MCAO and the attenuation of this increase with progesterone are associated with progesterone's protective effects on blood brain barrier integrity.
In our model of ischemic injury, we can suggest that by upregulating PXR in the retina, progesterone treatment might reduce some of the oxidative stress caused by the injury -a known effect of PXR activation (Swales et al., 2012; Zucchini et al., 2005) . More research is needed to determine the role of PXR after injury and with progesterone treatment, particularly with respect to vascular integrity.
Conclusions
Following MCAO, inflammation increased in both brain and retina, with greater increases occurring in brain. Inflammation was reduced post-MCAO with progesterone treatment, and more dramatic protective effects of progesterone were observed in brain than retina. Levels of PR were upregulated in brain but downregulated in retina after MCAO, which could explain why we see more robust progesterone protection in brain versus retina. These results may suggest that reduction of NF-κB pathway activation and reduction of inflammation by progesterone after injury are at least partially mediated by PR. However, progesterone also inhibits inflammation via its actions at the glucocorticoid receptor, so multiple mechanisms could be involved (Lei et al., 2012) .
While progesterone treatment effects are not as great in the retina as the brain, our results suggest that progesterone treatment may be useful clinically in treating the retinal deficits that accompany stroke, as well as the stroke itself. Progesterone may also prove to be a useful treatment for retinal ischemia and other retinal diseases, though treatment may need to be adjusted in the retina to account for progesterone receptor differences. Increased NF-κB pathway activation in brain and retina following MCAO was attenuated by progesterone treatment. Phosphorylated NF-κB expression in brain (A) and retina (B). Nuclear NF-κB expression in brain (C) and retina (D). Cystosolic NF-κB expression in brain (E) and retina (F). Expression of NF-κB pathway markers as determined by western blot and quantified by densitometry. Bands were normalized to the appropriate loading control (β-Actin for cytosolic blots and Histone H3 for nuclear blots). Results expressed as means ± SD. * = p<0.03; ** = p<0.01; *** = p < 10.001.
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Author Manuscript Allen et al. Page 27 Table 3 Summary of changes in inflammatory markers between progesterone-and vehicle-treated MCAO animals expressed as % difference between progesterone-and vehicle-treated rats over sham Greater protective effects were observed with progesterone treatment in brain vs. retina. Bold = p < 0.03.
